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Summary. 1. Everted intestinal sacs prepared from Platichthys [lesus adapted 
to sea water (SW) have higher rates of salt and water transport than did sacs 
prepared from fresh water adapted (FW) fish. 

2. Intestines mounted in Ussing chambers gave stable open-circuit voltages 
and short-circuit currents after pre-incubation for 20--30 rain of --1.91 • 0.14 
(14) mV and --45.0 _~ 5.1 (!4) g&/cm 2, SW fish, and --1.24 ~: 0.14 (11) mV and 
--18.2 ~ 3.6 (11) fLA/em ~, FW fish. 

3. Isotope flux measurements indicated a net Na transport of 21.5 ~ 4.1 (11) 
neq/em 2 �9 rain in SW fish intestines, but no significant Na transport in FW fish 
(7.6 ,-4- 7.6 (9) necL/em 2 �9 min). Both preparations showed an active C1 transport, 
26.6 ~ 6.1 (12) neq/cm 2 �9 rain for SW and 18.5 ~ 9.7 (17) neq/cm 2- min for FW 
fish. 

4. No significant difference in the uptake of Na or C1 across the mucosa was 
observed between FW and SW fish. The uptake of both ions showed some saturation 
at high concentrations. 

5. Interactions between Na and C1 uptake were small, Mthough C1 uptake was 
signifieant!y higher in Na-free solutions. 

6. I t  is concluded that eleetrogenic C1 transport may be the dominant mechanism 
for water and salt transport in flounder intestine, and that adaptation to a saline 
environment involves regulation of pumping rat, her than of Na or C1 entry across 
the mucosal membrane. 

Key words: Sodium and Chloride Transport -- Intestinal Mucosa Permeability 
- -  Fish Osmoregulation. 

Marine teleost  fishes m a i n t a i n  their  osmotic equi l ibr ium by  dr inking  
sea water,  and  absorbing rela t ively large amount s  of salt  and  water  
across the in tes t ine ;  excess salt  being subsequent ly  excreted across the 
gills (Smith, 1930). Certain teleosts such as the eel can adapt  t o a  fresh 
water  env i ronment .  W h e n  this happens  the ra te  of salt  a nd  water  
absorpt ion  across the in tes t ine  is considerably reduced [9,13]. Recent  
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evidence suggests  [6] t h a t  in  the  in tes t ine  of  these  euryha l ine  fishes, in  
con t r a s t  wi th  m a m m a l i a n  smal l  in tes t ine ,  C1 r a t h e r  t h a n  N a  t r a n s p o r t  
m a y  be the  d o m i n a n t  fac tor  for  sa l t  and  wa te r  absorp t ion .  I n  fact ,  in  
in tes t ines  f rom A.  ]aponlca a d a p t e d  to  e i ther  fresh or  sa l t  water ,  the  
ac t ive  N a  t r a n s p o r t  r emains  a b o u t  cons tan t ,  whi ls t  the  ac t ive  C1 t rans-  
p o r t  is h igher  in sa l t  wa te r  a d a p t e d  an imals  [5]. The f lounder  t a k e n  f rom 
sea water ,  also shows a s ignif icant  ac t ive  C1 flux, p a r t  of  this  f lux being 
d e p e n d e n t  on N a  [6]. The  f lounder  also can a d a p t  to  a fresh wa te r  
env i ronmen t  and  i t  seemed in te res t ing  to  compare  i ts  ab i l i t y  to  absorb  
sa l t  unde r  these  condi t ions  wi th  w h a t  was k n o w n  for t he  eel and  i f  
possible to  re la te  th is  to  t he  mechan i sm whereby  C1 crosses t he  m a m m a -  
l ian in tes t ine  via a N a - d e p e n d e n t  mechnism [8]. The  p resen t  expe r imen t s  
were therefore  u n d e r t a k e n  to  inves t iga te  the  t r a n s p o r t  of  N a  and  C1 
in the  in tes t ine  of  the  E u r o p e a n  f lounder  Platichthys/lesus, to  see which 
p a r a m e t e r  would  regu la te  sa l t  and  wa te r  t r a n s p o r t  dur ing  a d a p t a t i o n  
to  fresh water .  A p re l imina ry  r e p o r t  of  some of  these  findings has 
a l r e ady  been publ i shed  [7]. 

Methods 
Flounders weighing about 200 g were shipped by air from Nantes to Nice, 

and maintained without food at  16 ~ for at least 1 week in sea or fresh water 
before use. Samples of blood, and where possible intestinal fluid, were taken to 
determine electrolyte concentration (sodium by flame photometry, and chloride by 
eleetrometrie titration) and total osmotic pressure. The whole intestine from 2 em 
posterior of the stomach to 3 em anterior to the cloaca was dissected out, and a 
portion about 2 cm in length mounted in a small Perspex Ussing-type chamber for 
measuring the transepithelial potential, current and isotopic fluxes [3]. A second 
posterior portion of the intestine was sometimes used to prepare everted sacs for 
measuring fluid and sodium transport. Fluxes were calculated as neq Na or nl water 
per g wet weight per hour incubation. 

During a preliminary series of experiments in the Ussing chamber the response 
of potential and short circuit current with time was determined for fish adapted 
to fresh and salt water (Fig. 1). Since both membrane potential and sec were constant 
from 40--80 min after mounting the preparation, tracer fluxes were measured over 
three 10 rain intervals during the period 50--80 min, radioactive media being 
introduced 25 rain earlier to allow isotopic equilibration within the tissue. All 
experiments were carried out at room temperature (21--24~ in Krebs-Henseleit 
medium gassed with 950/0 02/50/0 CO 2, and containing 5 mM glucose (Krebs & 
Henseleit, 1932). Unidirectional chloride fluxes were measured with Na38C1, 
0.2 ~c/ml. Bidirectional Na fluxes were measured with the simultaneous addition 
of 0.2 ~e/ml 2~NaC1 to the mucosal and 5 ~c ~4NaCl/ml to the serosal medium bathing 
the tissue. 

Sodium and Chloride Uptake. The rapid uptake of sodium and chloride was 
measured by the technique of Schultz, Curran, Chez & Fuisz [10], modified for fish 
intestine [4]. The anterior 6 em of intestine was mounted as a flat sheet in an 
apparatus containing 8 sampling ports, and equilibrated with gassed circulating 
Krebs-ttenseleit medium for 30 min. Each port in turn was then exposed to a 
radioactive medium similar in composition to Krebs-Henseleit medium but con 
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raining 24NaC1 (i0 t~e/ml), and/or Naa~C1 (0.5 ~e/ml) and all-inulin (5 ~e/ml). After 
a short time (determined from preliminary experiments as 45 see, Fig.2), the port 
was washed with a large excess (5 ml) of ice cold isotonic mannitol, and the portion 
excised, digested in 0.1 N HNOa and processed for Cerenkov and liquid scintillation 
counting as previously described [4]. The inulin space was used to correct for extra- 
cellular components of sodium and chloride uptake. When media of differing l~a 
and C1 concentrations were required, Na was replaced by choline, and C1 by SO4, 
mannitol being added to maintain constant osmolality. Experiments were designed 
to minimise any effects of variations along the length of the intestine by pairing the 
first and last samples for the same experimental treatment. 

Results 

Transflux in Everted Sacs 

Ever ted  intestinal sacs from 7 flounders adapted to salt water gave 
a mean absorption of water  and sodium of 166 ~- 70 [7] nl /g .  hr  and 
240 4-100 [7] neq /g -h r .  In  6 experiments with everted sacs from 
freshwater adapted fish, four intestines gave no net transport,  whilst the 
other two gave rates of water transflux of 91 and 31 nl/g �9 hr, the cor- 
responding Na fluxes being 140 and 141 neq/g �9 hr. I t  thus seems clear 
that,  as in the eel, the absorption of sodium and water is reduced in the 
European flounder on adaptat ion to fresh water. 

Potential Measurements 

For intestines mounted in the Ussing chambers under open circuit 
conditions, the transepithelial PD was always initially positive (serosal 
side) in tissues from F W  fish and negative in intestines from SW fish. 
However, the potential changed rapidly with t ime and stabilized after 
20--30 rain at  a mean value of --1.91 4. 0.14 [14] mV for SW fish and 
--1.24 • 0.14 [11] mV for F W  fish. Under these conditions the measured 
short circuit current was --45.0 • 5.1 [14] and - -18 .2  4. 3.6 [11] ~A/cm * 
respectively (Fig. 1). Huang& Chen [6] obtainedvalues of- -3 .35 4.1.46 mV 
and --26.5 4. 13.3 ~A/cm 2 for the American flounder (Pseudo. 
pleuronectes americanus) in sea water using a 5.5 mM glucose saline. The 
values of PD and sec remained steady for a t  least 1 hr after the initial 
20--30 rain equilibration period, during which steady period, tracer 
fluxes were determined. 

Isotopic Measurements o/1on Fluxes 

The results of 2 series of determinations of isotopio fluxes across F W  
and SW intestines are given in Table 1. Because the small intestine is a 
low resistance tissue, with large unidirectional fluxes, net  Na and C1 
fluxes represent a small component  of the to ta l  and are therefore sub- 
ject to large errors. I t  can be seen (Table I) tha t  the unidirectional Na 
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Fig. 1. Short circuit current measurements for isolated intestines for SW and FW 
flounders. Intestines from FW (o) or SW (.) adapted fishes were mounted in Krebs- 
I-Ienseleit medium (NaC1 117 re_M, KC15.7 mlV[, MgSO 4 1.1 mM, NatI2PO t 1.17 raM, 
CaC12 2.54 mM, NatICO a 25 raM, glucose 5 raM) at 23~ Results represent the 

mean ~= S.E. for 14 SW or 11 FW fish 

fluxes are larger than  C1 fluxes, a l though the net  flux Jc~ t m a y  be larger 
�9 Inet more precisely, bidirectional Na  than  .']-net I n  an a t t empt  to measure -Na 

r i g  & �9 

fluxes were determined simultaneously using 221kTa and  ~4Na. I n  these 
experiments (Table 1) it can be seen that ,  whilst there is a significant 
j~e: of  21.5 4- 4.1 neq/cm ~. rain in SW fish, the v~.I net at  7.6 4- 7.6 neq/em 2 
�9 rain in F W  fishes is great ly  reduced and no t  significantly different f rom 
zero. The Jc~ t shows an apparen t  fall f rom 26.6 4- 6.1 in SW to  15.8 
4- 5.9 neq/cm 2. rain in F W  adapted  fish, the difference being significant 
at  the 3~ level. The t ranspor t  equivalent  of  the negative scc in the 
unidirectional flux experiments is 32 4- 4.5 neq/cm s �9 rain for SW fish 
and  14.3 i 4.4 neq/em 2- rain in F W  adap ted  fish, neither of  which 
differs significantly f rom the net  C1 flux. One would expect  Na  t ranspor t  
in SW intestines to  generate a short-circuit current  is the mechanism 
were similar to t ha t  found in mammals  [11] bu t  Na  t ranspor t  in American 
flounder, measured in Na~SO~ Ringer  has been shown to  be five times 
greater t h a n  the short-circuit  current  [6]. I t  is suggested in the present 
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Table 1. Ion fluxes across intestines from flounders adapted to fresh and salt water 

Fresh water Salt water 

: Fluxes (neq/em~/min 4- S.E.) 
Jsm Jm~ Jnet Js~ Jms Jnet 

Unidirectional fluxes 
Na 64.7 ~ 6.0 73.8 ~ 4.9 9.1 ! 7.7 46.4 ~ 7.6 

(12) (18) ~ (17) 
C1 21.6 • ~,2 37.4 :{: 4.2 !5,8 ~: 5.9 21.5 ~: 2.4 

(12) (2/) (/2) 

Bidirectional fluxes 
Na 61 . /~  7.5 68.7 =~ 6.1 7.6 =L 7.6 34.2 =t= 6.2 

(9) (9) (9) (11) 

64.9 =t=6.1 18.5 :t= 9.7 
(29) 
48.1 =t= 5.6 26.6 =~ 6.1 
(24) 

55.7 d= 9.7 21.5 • 4.1 
(ll) (11) 

experiments tha t  an active C1 t ransport  accounts for virtually all the 
net C1 flux, net  N a  t ransport  being coupled to another anion, possibly 
HCO~-.  

Sodium and Cldoride Uptalce 

The results of initial experiments to determine the time course of 
Na and C1 uptake from I~'ebs-Henseleit  medium are presented in Fig. 2. 
The data are best fitted by  straight lines which do not pass through the 
origin but  give a positive intercept, although the errors on the data do 
not in fact make this intercept statistically different from zero. The 
The intercept may  represent a space available to Na and C1 but  not  to 
inulin, but  in any  case makes up only a small fraction (N 150/0) of the 
uptake at  45 sec, the time chosen for subsequent experiments. In  general, 
uptake  experiments with flounder intestine showed much greater 
variance between samples than  previous experiments with Carassius 
auratus [2], perhaps reflecting a real variability in structure. 

Fig. 3 illustrates a series of measurements of Na uptake  a t  various 
external Na concentrations for both SW and F W  fish. I t  is clear tha t  
Na uptake tends to saturate with rising Na concentrations, and tha t  
there is no apparent  difference in the rate of Na uptake between F W  
and SW adapted fish. This is in contrast  with previous results for the 
goldfish, where there was decreased Na uptake in salt-adapted fish [2]. 
Since the Na concentration dependence curve showed some saturation, 
further experiments to investigate differences in Na uptake between SW 
and FW fish were Carried out a t  30 m3s Na. The mean values obtained, 
61.9 -9 4.1 [12] and 64.4 -4- 5.9 [12] nmol/cm ~. rain respectively were 
not significantly different. 
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Fig. 2. Time course of the uptake of Na and C1 by flounder intestine. Data presented 
are the mean =t= S.E. of 2 determinations at each t ime on 4 SW adapted fish. 
(o) Na, (o) C1. Medium is modified Krebs-Henseleit to giveNa -~ 140 mM, Cl = 120 raM. 
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Fig. 3. Concentration dependence of sodium uptake in intestines from FW and SW 
flounders. (o) SW, (e) FW fish. Data are the mean =]= S.E. for 2 determinations at 
each concentration for 6 SW or FW fish. Na replaced by choline in the modified 

Krebs-Henseleit medium 
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Fig.4. Concentration dependence of chloride uptake (for 45 see exposure time) in 
SW flounder intestine. Data are the mean :L S.E. of 2 determinations for each 

concentration on 4 SW fish. Chloride replaced by sulphate -t- mannitol 

Chloride uptake from Krebs-Henseleit  medium was also measured in 
both SW and FW fish, the mean values being 176.6 • 15.4 [12] and 
143.7 :c 11.1 [12] nmol /em2.min  respectively. Concentration de- 
pendence of C1 uptake was measured in SW fish intestines, the results 
being represented in Fig. 4. There is again a tendency towards saturation. 
Initial measurements of Na-dependenee of C1 uptake were made by 
simultaneously determining C1 uptake in the experiment of Fig. 3, i.e. C1 
127 mM, Na varying from 30--120 mM. No significant t rend in C1 uptake 
with varying Na concentration was observed, the uptake being about 
constant around 130nmol/em 2 as in Fig.4. However, since Nellans 
et al. [8] have demonstrated a Na-dependent  C1 entry step intro mam- 
malian intestine, and C1 transport  is probably the dominant mechanism 
in the flounder, it seemed worthwhile testing this point further. A series 
of comparisons of C1 uptake in either 0 Na or 120 mM Na, using 30 mM C1 
in the medium were therefore made. For intestines from FW fish, the 
mean C1 uptake in the presence of Na was 33.2 ~: 16.1 [12] nmol/cm ~ 
�9 rain, whilst in Na-free medium the uptake was 45.2 -~ t7 [12] nmol/ 
em 2- min. The large errors represent variations in fishes, the range of 
uptakes being 11.7--69 nmol/cm = �9 min. Since the two conditions were 
tested alternately along the strip of intestine, the data can be treated 
as paired comparisons. Using this approach the uptake in Na-free media 
was always higher than in the presence of Na, the mean difference being 
12.0 • 6.5 (48) nmoles/em 2. min. Similar experiments on SW fish 
suggested a similar trend although the actual results showed larger 

21 Pflt igers Arch. ,  u  357 
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errors, the mean difference between paired comparisons being 15.1 --  11 
[28] nmol/cm 2. rain. This surprising finding of a stimulation of C1 
uptake in the absence of Na is in direct contrast  to the mammalian 
system and may  indicate a specific mechanism for C1 transport  in the 
flounder intestine. 

Discussion 

The present results show that,  following adaptat ion from SW to 
FW there is a marked fall in the intestinal t ransport  of salt and water 
in the European flounder. Similar results have been obtained for the eel, 
another euryhMine teleost (Oide & Utida, 1964) but the reverse situation 
has been reported for the goldfish, a stenohaline fish. In  the goldfish Na 
and water t ransport  is much higher in FW fishes than in those living in 
200 mM saline [2]. In  the FW goldfish intestine there is normally a 
positive (serosal) P.D. and see across the intestine, with a net Na trans- 
port component equal to the scc. In  fishes kept  at  increasing salinities, the 
net Na transport  and see falls to about  one third of control values. This 
fall is accompanied by a marked decrease in the permeability of the 
mucosal membrane to Na. The flounder is in complete contrast  to the 
goldfish; it has a negative PD and see, with the scc equal to a net active 
C1 transport  component. The electrogenic CI t ransport  dominates this 
tissue, and the reduction in salt and water t ransport  on transfer from 
SW to FW is not mediated by a decreased mucosal permeability to Na 
or C1. The present data do not allow one to decide unequivocally whether 
there is a mechanism for active Na transport  separate from an active 
C1 transport  system. Certainly on transfer from SW to FW there is a 
fall in net Na transport,  but  the errors involved in making unidirectional 
3GC1 flux measurements on separate preparations make it impossible to 
decide definitively that  the apparent  fall in net C1 flux on adaptat ion 
from SW to FW is significant. Huang & Chen [6] demonstrated a signi- 
ficant net Na transport  in the American flounder after replacing all the 
C1 in the medium by SQ.  This suggests that  at  least a third of the active 
Na transport  in this tissue is independent of C1. Hirano & Utida [5] 
demonstrated an active Na transport  component of about equal magni- 
tude in eels adapted to either FW or SW, but an increased active C1 
absorption in SW eels. In  therefore seems tha t  there are 2 components of 
NaC1 transport  in the euryhaline teleost intestine, a relatively large 
electrogenic active C1 transport  which will be followed by Na moving 
passively and a smaller, possibly non-electrogenic, t ransport  of Na with 
some other anion. In  the European flounder adaptat ion from SW to 
FW probably involves a decrease in both parameters, the Na transport  
being the easier to demonstrate operationally because of the ability to 
carry out bidirectional flux measurements. 
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The observa t ions  of an increased mueosal  C1 u p t a k e  in the  absence 
of  N a  in the  ba th ing  m e d i u m  cont ras t s  wi th  the  finding of  Nel lans  et al. 
[8] on the  r a b b i t  i leum. I t  is un l ike ly  t h a t  this  effect could be caused 
indirect ly ,  or b y  a change in po ten t i a l  across the  membrane ,  since 
i t  is known  t h a t  in goldfish in tes t ine  r ep l acemen t  of  N a  b y  choline 
causes a hyperpo la r i sa t ion  of  the  mucosal  po ten t i a l  [1]. Since the  con- 
cen t ra t ion  dependence  curve for C1 up t ake  does show a t e n d e n c y  to 
s a tu ra t e  a t  high C1 concentra t ions ,  i t  is qui te  l ike ly  t h a t  a componen t  
of  the  up t ake  is via a sa tu rab le  ca r r i e r - type  mechanism.  Clear ly  the  
specif ici ty of  any  chloride carr ier  in the  f lounder  in tes t ine  mus t  be ve ry  
different  from the  N a  s y m p o r t e r  sys tem in r abb i t  i leum b u t  more  
in format ion  on i ts  specifici ty is necessary  to  define the  differences 
be tween the  two systems.  

I n  conclusion, i t  seems t h a t  regu la t ion  of sa l t  and  water  t r a n s p o r t  
on a d a p t a t i o n  to F W  in the  European  f lounder  Platichthys flesus in- 
volves a r educ t ion  in bo th  a Na  and  a C1 t r anspor t ing  mechanism.  This 
effect is no t  achieved b y  regula t ing  the  mucosa l  pe rmeab i l i t y  (as seems 
to be the  case in Carassius auratus) b u t  whether  i t  is effeeted a t  the  
metabo l ic  level  b y  regula t ing  the  ava i l ab i l i t y  of  energy supplies,  or 
d i rec t ly  a t  the  m e m b r a n e  level b y  blocking pumping  a c t i v i t y  has y e t  
to  be de te rmined .  
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